INTRODUCTION
The development of an adult human from a single-cell zygote requires that cells repeatedly transit through the cell cycle to duplicate and transmit their cellular contents. During every cell cycle, hundreds of different gene products must execute their functions with exquisite precision to generate functional daughter cells (Morgan, 2007) . Defects in cell-cycle processes can lead to cell death or can produce abnormal daughter cells that are deleterious to the organism, for example by contributing to cancer progression (Holland and Cleveland, 2009) . Thus, dissecting the molecular functions of cell-cycle-associated genes is of critical importance.
Defining the functional contributions of cell-cycle genes requires both the robust elimination of targets and phenotypic analysis at the single-cell level. The large-scale analysis of the phenotypes resulting from the RNAi-based depletion of cell-cycle gene products has made important contributions to defining the requirements for genomic transmission (Goshima et al., 2007; Hutchins et al., 2010; Neumann et al., 2006 Neumann et al., , 2010 . Recently, CRISPR/Cas9-based knockout approaches have revolutionized functional analyses (Shalem et al., 2014; Wang et al., 2014) , offering several advantages over RNAi including the ability to generate a complete and irreversible knockout instead of reduced protein levels as achieved through RNAi knockdowns.
To gain insights into the functional contributions of cell-cycle structures and regulatory circuits, we generated inducible CRISPR/Cas9-based knockout human cell lines for the precise and potent disruption of 209 genes with key roles across diverse cell-cycle functions. We generated more than 500 inducible knockout cell lines across cancerous and nontransformed cellular backgrounds to provide a resource for mechanistic biological dissection and the analysis of disease-related mutations. Our systematic analysis of these cell lines reveals the cell biological phenotypes and corresponding functions for this broad set of gene targets. We find that spindle multipolarity is the predominant phenotype associated with disruption of diverse cell-cycle-associated genes, including for multiple players not previously implicated spindle or centrosome function. In addition, we exploit the advantages of the CRISPR/Cas9 system to define the contributions of genes whose knockouts do not result in discernible cell-cycle defects, including by simultaneously targeting redundant pathways and generating stable knockouts. Finally, we analyze the contributions of the tumor suppressor p53 to modulating the phenotypic consequences of specific cell-cycle deletions. Together, the inducible knockout cell lines that we generated will facilitate cell biological analyses of the acute and chronic elimination of cell-cycle genes.
RESULTS

CRISPR/Cas9-Inducible Knockout Cell Lines for Large-Scale Analysis of Cell-Cycle Gene Function
We sought to generate a resource for large-scale functional analyses of cell-cycle-related genes in human cells. To do this, we used a CRISPR/Cas9-based system to generate individual inducible knockouts in human HeLa cells (McKinley et al., 2015; Shalem et al., 2014; Wang et al., 2014) (Table S1 ). For this system, each cell line stably expresses a single guide RNA (sgRNA) targeting an early exon of a gene of interest, and a doxycyclineinducible Cas9 nuclease. Upon Cas9 induction, double-strand breaks are generated in the target gene, with error-prone repair by non-homologous end joining resulting in insertions and deletions that disrupt protein function ( Figure 1A ).
We defined a list of 209 target genes that function in the core physical and regulatory processes required for cellular proliferation ( Figure 1B and Table S2 ). Previous reports have implicated these targets in processes that include DNA replication, cytokinesis, and cellcycle progression, as well as the components of key cellular structures including the centrosome, the kinetochore, and the mitotic spindle ( Figure 1B and Table S2 ). Lesions in approximately one-third of these targets have been strongly implicated in the etiology of human diseases (Stenson et al., 2003;  Table S3 ). We also targeted the 70 genes for which expression profiles were previously found to correlate with chromosomal instability, termed the CIN70 (Carter et al., 2006) . Thus, these targets represent critical players in both biological and pathological outcomes of cell-cycle processes.
For each gene, we generated at least two independent inducible knockout HeLa cell lines with distinct guide sequences to direct cleavage of an early exon ( Figure 1A and Table S1 ). As we reported previously (McKinley et al., 2015) , induction of the knockout results in robust elimination of the target protein, although some cells escaped the cutting or repaired the break in a manner that retains the open reading frame. This results in clonal populations in which there is either no detectable protein (apparently null) or detectable protein (wildtype or heterozygous) ( Figure S1A ). These populations can be readily distinguished through single-cell phenotypic analyses. Together, this work provides a collection of 434 HeLa cell lines with genetically encoded inducible knockouts for the precise and potent elimination of cell-cycle components (Table S1 ).
Next, we assessed the phenotypic consequences of the inducible knockouts by immunostaining for microtubules and DNA. We analyzed cells following 4 days of Cas9 induction, a time point selected based on our previous analysis of depletion kinetics for mitotic targets using this system (McKinley et al., 2015) . As with all protein-depletion strategies that target DNA or RNA, we note that this approach presents the potential for secondary effects due to the time required to effectively deplete the target protein as the cell transits through partially depleted states. The complete set of representative micrographs is available at http://cellcycleknockouts.wi.mit.edu/. We performed a blind analysis of the fixed cells, characterizing each cell line according to 11 phenotypic categories to assess altered interphase nuclear morphology, disruption of the mitotic spindle, and defects in cell-cycle progression or viability ( Figures 1C, 2 , and S1B; Table S4 ). We found that the elimination of ~50% of the targeted genes resulted in striking and diverse phenotypic consequences after 4 days of Cas9 induction (Figures 2A and 2B ; Table S4 ). Thus, as intended, this collection targets multiple genes that are required for cellular proliferation and viability, necessitating their analysis by conditional strategies.
In our analysis, perturbation of proteins with related reported functions resulted in highly similar phenotypes (Figure 2A ). For example, disruption of centriole components or key players in spindle bipolarity resulted in spindle monopolarity (Figures 2A and 2B ). These analyses also revealed multiple cases in which conspicuous mitotic defects were observed following disruption of genes with poorly defined functions and phenotypes. For example, we observed severe defects in chromosome alignment following knockout of the splicing component encoded by LSM4. LSM4 depletion defects have not been previously reported (Sundaramoorthy et al., 2014) , but LSM4 may contribute to the role of the splicing machinery in sister chromatid cohesion (Oka et al., 2014; Sundaramoorthy et al., 2014; van der Lelij et al., 2014; Watrin et al., 2014) . Additionally we observed strong mitotic defects following knockout of POC1A, which encodes a centriolar protein. Although mutations in POC1A are linked to a variety of diseases, including primordial dwarfism (Shaheen et al., 2012) , the molecular functions of the Poc1A have remained elusive, with previous reports suggesting that it functions redundantly with Poc1B (Venoux et al., 2013) (Figure 2A ).
Together, these inducible knockoutcelllines provide a resource for the cell biological analysis of cell-cycle-related genes, and our associated phenotypic analysis provides critical information regarding the diverse functions of this gene collection.
Inducible Knockouts Provide an Efficient Strategy for the Simultaneous Disruption of Two Redundant Genes to Reveal Synthetic Interactions
Numerous targets in our analyses did not display discernible phenotypes following acute induction of the knockout for 4 days ( Figure 2A and Table S4 ). One possible cause of this is the compensation by gene products that function redundantly with the gene of interest. Simultaneously disrupting multiple gene products is critical for analyzing such redundant genes and for probing synergistic interactions between pathways (Bender and Pringle, 1991) . For example, in cultured cells, Nde1 and NdeL1 have been proposed to have overlapping functions in dynein pathways (Lam et al., 2010) . To test this, we generated an NDE1-NDEL1 inducible double knockout by the simultaneous introduction of two guide RNAs. In striking contrast to the mild or absent phenotypes observed in the single knockouts (Figures 2A and 3A ; Table S4 ), we observed severe phenotypes in the NDE1-NDEL1 double knockout that are highly similar to those observed in the knockout of dynein heavy chain, DYNC1H1 ( Figure 3A) . Therefore, this system enables the simultaneous disruption of multiple gene targets to reveal synthetic interactions between gene products.
Inducible Knockouts Facilitate Long-Term Protein Depletion for the Analysis of Stable Processes
A key advantage of these inducible Cas9 cell lines is that, once the knockouts are initiated, they are irreversible. This facilitates the analysis of gene targets that produce or affect highly stable proteins, for which phenotypes would only be detectable after extended durations. For example, the centromeric histone CENP-A (also known as CenH3) is extremely stable once incorporated at centromeres (reviewed in McKinley and Cheeseman, 2016 Table S4 ). However, after 7 days of Cas9 induction, these inducible knockouts displayed severe defects ( Figure 3B ). Thus, the inducible knockouts can be used to disrupt genes and pathways with long-term depletion kinetics, which have been refractory to previous perturbation approaches.
Irreversible Protein Elimination Using the Inducible Knockouts Reveals Genes that Are Non-essential for Viability
The irreversible nature of the Cas9 system additionally allows for the permanent elimination of non-essential targets. In particular, this system facilitates a test of gene essentiality, whereby cells are tested for their ability to proliferate indefinitely in culture in the absence of the target protein. This strategy represents an important complement to recent work analyzing the requirements for the relative fitness of human knockouts based on comparative bar-code recovery (Blomen et al., 2015; Hart et al., 2015; Wang et al., 2015) .
To test whether we could permanently eliminate specific cell-cycle proteins, we focused on the microtubule end-binding protein EB1 (MAPRE1) and the kinetochore protein CENP-F (CENPF), whose contributions to mitotic progression are controversial (Bomont et al., 2005; Ferreira et al., 2013; Holt et al., 2005; Pfaltzgraff et al., 2016; Thomas et al., 2016) . As we did not detect defects following 4 days of Cas9 induction in the MAPRE1-and CENPFinducible knockouts ( Figure 2A and Table S4 ), we tested the essentiality of these proteins by long-term induction of the knockout and generation of clonal cell lines. In both cases, we were able to isolate and maintain discrete clones in which the corresponding protein was undetectable by western blotting ( Figure 3C ). Although the CRISPR/Cas9-based knockout strategy eliminates isoforms targeted by the designed sgRNAs, it is possible that cells may initiate in-frame gene products downstream of the target site that may retain partial functions. Therefore, we additionally analyzed the knockouts by immunofluorescence using antibodies recognizing C-terminal regions of the corresponding proteins to detect products with alternative start sites. These antibodies did not generate detectable signals in our knockout cell lines, indicating that these functions are not compensated by downstream gene products ( Figures 3C, 2A , and 2B). Nonetheless, it is possible that suppressor mutations could have arisen in these cell lines, although the absence of detectable defects following acute elimination of these proteins ( Figure 2A and Table S4 ) argues against this possibility. In addition, it remains possible that some target protein remains that is below our detection thresholds in these assays, or that gene products undetectable by our reagents compensated for the wild-type protein such that these cell lines contain hypomorphic alleles of the targeted gene, rather than true nulls.
The MAPRE1 and CENPF stable knockout cell lines did not display discernible growth or phenotypic effects, indicating that they are non-essential for proliferation under normal conditions in cell culture. However, MAPRE1 knockout cells displayed heightened sensitivity to the microtubule poison, nocodazole ( Figure 3D ). In addition, we found that the combined knockout of MAPRE1 together with the EB family member, MAPRE3 (EB3), resulted in increased frequency and severity of mitotic defects compared with either knockout alone ( Figures S2C and S2D) . Thus, these genes may be non-essential due to their role in redundant pathways. Together, these cell lines provide a rigorous test of the requirements for these proteins for viability and proliferation, and provide avenues for the analysis of the functions of these proteins.
Distinct Defects in the Cell-Cycle Knockouts Result in Spindle Multipolarity
The analysis of a broad collection of inducible knockout cell lines permits the identification of phenotypic patterns across targets with distinct cellular functions. In our collection, the most frequently observed defect was spindle multipolarity (knockout of 102 targets resulted in increased multipolarity; Figure 2A and Table S4 ), a defect that is frequently observed in tumor cells and may underlie their genomic instability (Brinkley, 2001; Lingle et al., 1998) . To define the molecular events underlying the multipolar spindles, we analyzed the functional basis of spindle multipolarity in 23 knockout cell lines targeting proteins that function in diverse cell-cycle processes including DNA replication, centriole and centrosome integrity, kinetochore, spindle, and chromosome structure, and cytokinesis ( Figure 4 ).
As an increase in centriole number has been shown to cause spindle multipolarity (Brinkley, 2001; Godinho and Pellman, 2014) , we first analyzed the number of centrioles upon induction of the knockouts. During an unperturbed mitosis cells contain two pairs of centrioles, with each pair nucleating microtubules to form a bipolar spindle. Centrioles in excess of this number can direct the formation of additional spindle poles in the absence of mechanisms that cluster these centrioles (Quintyne et al., 2005) . We found that knockouts that disrupted cytokinesis, including several centrosomal proteins, displayed supernumerary centrioles (Figures 4A and 4B) , consistent with previous reports demonstrating the retention of all replicated centrioles in a single daughter cell following cytokinetic failure. In addition, knockout of the dynein-associated gene LIS1 resulted in supernumerary centrioles, unlike the other dynein-associated knockouts, which suggests a dynein-independent role for Lis1 at centrosomes (Figures 4B, S3A, and S3B; see also Moon et al., 2014) . Strikingly, we also observed supernumerary centrioles in cells containing multipolar spindles following knockout of genes involved in diverse aspects of DNA replication. Although previous reports suggested direct roles for the DNA replication factors ORC1 (Hemerly et al., 2009) and MCM5 (Ferguson et al., 2010) in centriole biogenesis, our data indicate that DNA replication defects broadly affect centriole number ( Figures 4A, 4B , and S3A). Thus, supernumerary centrioles explain a subset of the observed multipolar phenotypes that result from diverse cell-cycle knockouts.
Importantly, many inducible knockouts resulted in multipolarity in the absence of supernumerary centrioles. Indeed, even knockouts of gene targets that resulted in a substantial reduction in centriole number, such as knockouts for the centriole component SASS6, displayed occasional multipolar spindles in addition to the frequent monopolar spindles that have been reported previously (Figures 4A and 4B) . In multiple other knockouts, multipolar cells were observed with spindle poles nucleated by single or oddnumbered centrioles ( Figures 4A and 4C ), indicating that premature separation of the mother and daughter centrioles, known as centriole splitting, had occurred. We observed centriole splitting across knockouts with a broad range of reported functions, not simply those implicated in maintaining spindle pole integrity ( Figures 4A and 4C ). For example, we observed centriole splitting following induction of kinetochore defects (CENPW, DSN1, SKA1), spindle structure defects (HAUS8), sister chromatid cohesion defects (RAD21, SGO1), and DNA replication defects (CDC6, CDT1, ORC1) ( Figure 4C ). These analyses indicate that diverse defects that cause imbalances in spindle forces and/or prolonged mitoses can result in centriole splitting in cells with wild-type centriole numbers (reviewed in Maiato and Logarinho, 2014 ).
As we observed both centriole overduplication and centriole splitting in inducible knockouts of DNA replication genes, we sought to distinguish the contributions of these effects to the multipolar spindle phenotype. To suppress centriole overduplication, we treated DNA replication knockout cells with the Plk4 inhibitor Centrinone (Wong et al., 2015) 2 days after Cas9 induction and analyzed centriole number and distribution 2 days later. This treatment effectively reduced centriole numbers to levels at or below those of control cells (Figures 4D and 4E) . Despite the reduction in centriole numbers, Centrinone treatment did not suppress spindle multipolarity in the inducible knockout cells, as we observed approximately equivalent numbers of spindle poles in knockout cells with or without Centrinone treatment ( Figures 4D and 4F ). These data indicate that spindle multipolarity caused by DNA replication defects is not solely due to centriole overduplication. Together, these analyses indicate that spindle multipolarity is a frequent consequence of disrupting diverse cell-cycle components, including numerous genes not directly implicated in spindle organization.
Comparison of Inducible Knockout Phenotypes across Cellular Backgrounds
Although cell-cycle processes are required for the duplication of all cells, we next considered the possibility that the precise requirements for faithful cell division may differ between cell types (for example, see Salimian et al., 2011; Silio et al., 2015) . Therefore, we sought to determine whether the phenotypes that we defined for cell-cycle-associated genes in HeLa cells vary across cellular backgrounds. To test this, we introduced the inducible Cas9 transgene into a distinct karyotypically unstable human cancer cell line (U2OS; osteosarcoma), a pseudodiploid human cancer cell line (DLD1; colorectal adenocarcinoma), and a non-transformed diploid human cell line (hTERT-RPE1; hTERT-immortalized retinal pigment epithelium) (Table S1 ). These cell lines also carry additional features that will facilitate future functional analyses: the U2OS cells carry a lacO array (Janicki et al., 2004) to ectopically target proteins to the arm of chromosome 1 (Gascoigne et al., 2011) , and the DLD-1 cells carry a transgene expressing the plant TIR1 cullin subunit to facilitate studies using the auxin-inducible degron (AID) system (Holland et al., 2012; McKinley et al., 2015; Nishimura et al., 2009 ).
We selected 20 gene targets with diverse functions and phenotypes based on our analyses in HeLa cells (Figure 2) , generated the inducible knockouts in these three additional cellular backgrounds, and categorized the corresponding phenotypes after 4 days of Cas9 induction (Figures 5A and 5B ; Table S5 ). For multiple targets with functions ranging from cohesion to cytokinesis, we found that all three additional cell lines displayed phenotypes that were highly similar to those we observed in HeLa cells ( Figures 5A and 5B) . However, as analyzed further below, a subset of targets displayed severe mitotic defects in HeLa and DLD-1 cells, but mild defects in U2OS cells, and barely discernible or undetectable mitotic defects in RPE1 cells ( Figure 5B ). These additional cellular backgrounds enable the comparison of cell-cycle requirements between distinct cell types.
The p53 Pathway Suppresses Mitotic Defects Arising from Diverse Knockouts
We next sought to define the mechanisms underlying the differences in phenotypic severity that we observed for a subset of the knockouts between HeLa and RPE1 cells ( Figure 5B ). A notable difference between HeLa cells and RPE1 cells is the presence of the tumor suppressor p53. p53 is inactivated in HeLa cells, which exhibited severe mitotic defects for a wide spectrum of knockouts, whereas p53 is wild-type in RPE1 cells, for which mitotic defects were not detectable in selected cases. Therefore, we sought to directly test whether p53 was responsible for suppressing the defects associated with a subset of knockouts in RPE1 cells. For these experiments, we utilized the 20 RPE1 knockout cell lines generated for comparison with the DLD-1 and U2OS cells (Figure 5 ), as well as ten additional RPE1 knockout cell lines that we generated to further broaden our panel of representative cellcycle defects. We then introduced an sgRNA targeting the gene encoding p53 (TP53) into these 30 RPE1-inducible knockout cell lines, as well as the parental RPE1 cell line. The inducible knockout of TP53 in otherwise wild-type RPE1 cells resulted in a mild increase in the proportion of mitotic cells that exhibited mitotic chromosome alignment defects ( Figures  6A and 6B ). In contrast, simultaneous elimination of both p53 and diverse cell-cycle targets resulted in a dramatic increase in the frequency and severity of mitotic defects at 4 days in numerous cases (18 out of 30 targets) (Figures 6A, 6B, and 6C, top two groups). As a result, when cell-cycle knockouts that displayed barely discernible defects were combined with knockout of TP53, they displayed defects that phenocopied those observed in HeLa cells (Figures 2A, 2B , 6A, and 6B). However, we also observed numerous knockouts that displayed severe phenotypes in both the presence and absence of p53 at equivalent time points ( Figure 6C , bottom two groups). These data indicate that the presence of functional p53 is a major determinant of the phenotypic severity associated with the disruption of specific cell-cycle processes. 
p53 Knockout Accelerates the Manifestation of a Subset of Defects through Enhanced Cell-Cycle Rate
We next sought to delineate the mechanisms that suppress these diverse cell-cycle defects downstream of p53. We first tested the possibility that p53 knockout resulted in a more potent phenotype due to an increased depletion rate of a target protein by monitoring the levels of the kinetochore protein CENP-T at kinetochores following induction of the knockout of its obligate binding partner, CENPW (Nishino et al., 2012) . Although CENP-T levels were substantially reduced in both cases, we found that simultaneously eliminating p53 and CENPW significantly enhanced CENP-T depletion after 4 days compared with CENPW knockout alone ( Figure 6D) . Therefore, eliminating p53 may accelerate the manifestation of phenotypic defects in specific cases at least in part through enhancing protein depletion.
If differences in depletion efficiency were responsible for the suppression of the cell-cycle defects in RPE1 cells, we reasoned that extending the duration of the depletion would allow for further protein turnover and cell division-based dilution. Indeed, for a subset of knockouts (9 out of 30 targets; Figure 6E ), we found that increasing the duration of Cas9 induction from 4 days to 6 days in cells with wild-type p53 uncovered severe defects comparable with those observed when the target was eliminated for 4 days in conjunction with p53 knockout (Figures 6C and 6E ). This suggests that p53 knockout expedites the manifestation of a subset of defects by modulating the rate of protein depletion. Compared with RNAi-based approaches, the irreversible nature of these knockouts will significantly enhance the ability to achieve the long-term depletions required to perform robust analyses in p53-proficient cells.
We next sought to define the basis for the differential rate of protein depletion in cells corresponding to their p53 status. p53 knockout has been reported to accelerate the basal cycling rate of cells isolated from mice (Harvey et al., 1993; Tsukada et al., 1993) . In this case, an increased rate of cell-cycle progression in the absence of p53 could accelerate the rate of protein depletion through cell division-based dilution. Indeed, we found that TP53 knockout increased the rate of cellular proliferation of RPE1 cells by 25% relative to unperturbed RPE1 cells ( Figure 6F ). We also observed a striking change in the cell-cycle profile of TP53-inducible knockout based on flow cytometry ( Figures 6G and 6H) , with a strong shift of the population from the 2c peak. As we did not observe a significant increase in the frequency of binucleated p53 knockout cells by immunofluorescence (data not shown), which would reflect increased occupancy of the 4c peak due to tetraploidization, these data suggest that p53 accelerates proliferation by shortening the G 1 phase of the cell cycle.
Thus, elimination of p53 accelerates progression through the cell cycle, which can enhance the rate of protein depletion in the inducible knockouts.
A Subset of Cell-Cycle Knockouts Induces p53-Dependent, p21-Dependent Senescence
Although faster protein depletion due to an increased cell-cycle rate explains a subset of the phenotypic variation observed in the presence or absence of p53, for several targets the severe phenotypes observed following disruption of p53 were not observed in the presence of p53, even following an extended depletion (8 out of 30 targets; Figure 6C ). This includes knockouts for genes with protein products involved in cytokinesis (PRC1), DNA replication (ORC1), and kinetochore function (KNL1) (Figures 6C and 6E ). Therefore, we considered the possibility that these cells were undergoing a p53-mediated cell-cycle arrest that prevents the manifestation of mitotic defects. The cyclin-dependent kinase inhibitor p21 is a critical modulator of p53-induced cell-cycle arrest (Campisi and d'Adda di Fagagna, 2007) , and we observed nuclear accumulation of p21 upon induction of the PRC1, ORC1, and KNL1 knockouts ( Figure S4A ). Therefore, we tested whether eliminating p21 was sufficient to restore cell cycling and the ensuing mitotic defects in these knockout cells. We found that knockout of p21 (CDKN1A) in conjunction with these diverse cell-cycle knockouts uncovered severe mitotic defects similar to those observed in p53 knockout cells or p53-compromised HeLa cells (Figures 2A, 6A , and 7A). These data extend previous reports of the critical role for p21 in overcoming arrests associated with cytokinesis failure (Ganem et al., 2014) and centriole duplication failure (Fong et al., 2016; Lambrus et al., 2016; Meitinger et al., 2016) , and indicate that p21 is a critical effector of cell-cycle arrest in response to a variety of cellular assaults.
p21 plays central roles in the induction of a cell-cycle withdrawal termed senescence (Rufini et al., 2013) . After 4 days of Cas9 induction, we found that the PRC1-, ORC1-, and KNL1-inducible knockouts displayed hallmarks of senescence including morphological changes characterized by a flattened and enlarged shape ( Figure 7B ) and β-galactosidase reactivity at pH 6.0 (senescence-associated β-galactosidase, SA-β-gal) ( Figure 7B ). Similarly, cells grown in the Plk4 inhibitor Centrinone, which induces a cell-cycle arrest due to centriole duplication failure (Wong et al., 2015) , were also SA-β-gal positive ( Figure 7B ). By analyzing DNA content by flow cytometry, we found that these arrests occur with exhibited diverse DNA content ( Figure 7C ). Thus, diverse cell-cycle assaults result in p53-dependent senescence.
Distinct Molecular Players Activate the p53/p21 Pathway in Response to Cell-Cycle Defects
Recent work has identified several molecular players that activate the p53 pathway in response to cellular damage ( Figure 7D ). For example, the DNA damage response downstream of ATM and ATR kinases activates a p53-dependent cell-cycle arrest following DNA damage (Kastan et al., 1991) . In addition, 53BP1, USP28, and TRIM37 were recently shown to contribute to the cell-cycle arrest that occurs in response to centriole duplication failure and prolonged mitotic duration (Fong et al., 2016; Lambrus et al., 2016; Meitinger et al., 2016) . Finally, the Hippo pathway is required to arrest cells in response to cytokinesis defects (Ganem et al., 2014) . We next sought to define the contributions of these pathways to the arrests we observed in each of our knockouts.
To test whether the elimination of these targets activated p53 signaling by inducing DNA damage, we first performed immunofluorescence for the DNA-damage marker, phosphorylated histone H2AX ( Figures S4B and S4C ). We observed a significant accumulation of DNA-damage foci in knockouts of genes associated with DNA replication, such as ORC1, or chromosome structure, such as cohesion and condensin subunits ( Figures S4B and S4C ). In contrast, we did not detect an increase in DNA damage in the other arrested knockouts ( Figures S4B and S4C ). In addition, we found that chemical inhibition of the DNA-damage response through caffeine treatment or the ATR inhibitor VE-821 was sufficient to uncover severe mitotic defects in the ORC1 knockout ( Figures 7E and S4D ), as well as cause severe interphase micronucleation ( Figure S4E ). In contrast, the other cellcycle knockouts that we tested were unaffected by these treatments ( Figures 7E, S4D , and S4E). Thus, the DNA-damage response plays a critical role in suppressing mitotic defects associated with DNA replication knockout, but not other cell-cycle defects.
Next, we tested the contributions of the 53BP1-USP28-TRIM37 pathway to the observed cell-cycle arrests. For these experiments, we introduced sgRNAs targeting the gene encoding 53BP1 (TP53BP1) into our inducible knockout cell lines. Knockout of TP53BP1 partially restored proliferation to Centrinone-treated cells, as reported previously ( Figure 7F ; Fong et al., 2016; Lambrus et al., 2016; Meitinger et al., 2016) . In contrast, TP53BP1 knockout did not result in a growth enhancement for the PRC1, ORC1, or KNL1 knockout cells ( Figure   7F ). This indicates that the 53BP1 p53 activation pathway plays critical roles in the response to centriole duplication failure, but not the cell-cycle arrest caused by other defects.
Finally, we analyzed the contributions of the Hippo pathway to the arrest observed in the cell-cycle knockouts. Activation of the Hippo pathway suppresses proliferation by causing the transcriptional co-activators YAP and TAZ to be retained in the cytoplasm and degraded (Yu and Guan, 2013) . Previous work found that the Hippo pathway plays a critical role in the cell-cycle arrest induced by cytokinesis failure (Ganem et al., 2014) . Indeed, we observed Hippo pathway activation as detected by cytoplasmic retention of YAP following PRC1 knockout ( Figures 7G and 7H ). However, YAP remained nuclear following ORC1 or KNL1 knockout, or Centrinone treatment ( Figure 7H ). This indicates that the Hippo pathway controls the cell-cycle arrest associated with cytokinesis failure, but not the other cell-cycle arrests.
In contrast to the clear roles that we observed for the DNA-damage response, the Hippo pathway, and 53BP1 pathway in response to the ORC1, PRC1 knockouts, and centriole duplication failure, respectively, we did not detect contributions of these pathways to the arrest induced by the KNL1 knockout ( Figures 7E-7H, S4D , and S4E). In addition, the KNL1 knockout did not display DNA damage ( Figures S4B and S4C ), tetraploidization ( Figure 7C ), or centriole number irregularities ( Figure 7I ). Thus, the arrest associated with the KNL1 knockout appears to be independent of the previously defined pathways for p53 activation following cell-cycle defects.
We therefore considered the possibility that the p53-dependent cell-cycle arrest reflects a specific aspect of KNL1 function. KNL1 plays critical roles in recruiting outer kinetochore proteins, including the Mis12 complex, protein phosphatase 1 (PP1), and components of the spindle assembly checkpoint (Caldas and DeLuca, 2014) . To test whether kinetochore assembly defects trigger a p53-dependent cell-cycle arrest, we analyzed knockouts of the Mis12 complex subunits DSN1 and NSL1. However, we did not observe a cell-cycle arrest in the DSN1 or NSL1 knockouts, despite the presence of severe mitotic defects ( Figure 6C ).
These data suggest that the defects in Mis12 recruitment are not sufficient to explain the senescence observed following KNL1 knockout.
As described above, knockouts generated by the CRISPR/Cas9 strategy typically eliminate all protein products of the targeted gene. However, this strategy permits the production of gene products generated by transcriptional start sites downstream of the Cas9 cut site. In analyzing the inducible KNL1 knockout by antibody staining, we found that epitopes at the N terminus of KNL1, corresponding to the region targeted by the sgRNA, were eliminated ( Figure S4F ). In contrast, we found that epitopes in the middle region of KNL1 persisted following Cas9 induction ( Figure S4F ). Based on cap analysis gene expression data from the ENCODE consortium in both humans and mice (Harrow et al., 2012) , KNL1 has a series of downstream transcriptional start sites that result in a C-terminal fragment, in addition to the canonical transcriptional start site at the beginning of KNL1. As the C terminus of KNL1 contains both its kinetochore targeting and Mis12 recruitment domain (Caldas et al., 2013; Petrovic et al., 2014) , the localization of the Mis12 complex and the associated Ndc80 complex also remain intact in this knockout ( Figure S4G ). This further suggests that senescence in the KNL1 knockout is not due to defects in Mis12 recruitment. In contrast, the eliminated KNL1 region binds to PP1 (Liu et al., 2010) . PP1 has diverse cellular functions, including a reported role in reversing p53 phosphorylation (Haneda et al., 2004; Lu et al., 2013) . Consistent with a potential role for reduced PP1 activity in mediating p53-dependent senescence, we found that p53 wild-type RPE1 cells grown in very-low-dose okadaic acid to inhibit PP1 and PP2A exhibited robust senescence based on both senescence-associated β-galactosidase and halted proliferation (Figures 7J and S4H ; see also Milczarek et al., 1999) .
Finally, we considered whether disrupting spindle assembly checkpoint signaling resulted in senescence. We did not observe senescence following knockouts of the spindle assembly checkpoint proteins BubR1 (BUB1B) or Bub3 (BUB3) based on senescence-associated β-galactosidase staining ( Figure S4I ), although tissues from a mouse carrying a hypomorphic allele of BubR1 exhibit senescence (Baker et al., 2004) . Similarly, cells grown in the presence of an inhibitor for the checkpoint kinase Mps1 for 4 days were negative for senescence-associated β-galactosidase activity and proliferated efficiently ( Figures 7J and  S4J ), despite exhibiting significant levels of chromosome mis-segregation ( Figure S4K ). These perturbations reveal that bypass of the spindle assembly checkpoint and the ensuing chromosome mis-segregation is not sufficient to induce widespread senescence in this time frame.
Overall, our parallel analyses of the role of p53 in response to a broad panel of knockouts underline the diverse molecular mechanisms that modulate the p53-dependent response to cell-cycle defects.
DISCUSSION
A Collection of Inducible and Stable CRISPR/Cas9 Knockout Cell Lines and Associated Analyses
Defining the mechanisms that ensure the accurate transmission of the cellular contents to daughter cells is a critical goal of biological research, as defects in this process contribute to developmental defects and disease (Hanahan and Weinberg, 2011; Holland and Cleveland, 2009) . To facilitate these studies, we generated a collection of inducible CRISPR/Cas9-based knockout cell lines targeting 209 representative genes required for cell-cycle processes. As cell-cycle defects are readily visualized at the single-cell level, we analyzed this collection microscopically and report the phenotypes as categorical designations, with a complete collection of images available at http://cellcycleknockouts.wi.mit.edu/.
Our work generated 434 inducible HeLa knockout cell lines for the analysis of cell-cycle functions (Table S1 ). We also generated and characterized inducible Cas9 cell lines across several commonly used cell backgrounds: hTERT-RPE1, DLD1, and U2OS (Table S1 ). The use of CRISPR-based knockouts, as opposed to traditional RNAi-based approaches, will be of particular value in those cell lines where long-term robust depletion is necessary to observe the resulting phenotypes. Collectively, these inducible knockout cell lines (Table S1) will facilitate further targeted, in-depth analyses of the phenotypes of genes of interest, including for cell-based phenotypes that were not assessed in our analysis, such as spindle positioning or the localization of specific reporter proteins. In addition, the inducible knockouts can be modified with transgenes in which the sequence complementary to the sgRNA is mutated to prevent cutting. This will allow for the precise analysis of the molecular underpinnings of the reported phenotypes by facilitating a robust genetic replacement strategy (for example, see McKinley et al., 2015) . Finally, our work generated several cell lines in which target proteins are stably eliminated, demonstrating that these proteins are not essential for viability or proliferation in cell culture. These cell lines will be broadly useful for further functional analyses of these targets.
The p53 Pathway Modulates Phenotypic Manifestation through Separable Mechanisms
By analyzing a panel of knockouts across numerous different cell lines, we found that the p53 pathway plays a critical role in modulating the phenotypic severity of a wide variety of cell-cycle defects. By analyzing the upstream and downstream effectors of p53 signaling across a panel of cell-cycle defects, we found that the signals and responses vary depending on the origin of the defect. Previous work has demonstrated that DNA damage, cytokinesis failure, centriole duplication failure, extended mitotic duration, and chromosome missegregation induced by transient pharmacological disruption of microtubules induce a p53-mediated cell-cycle arrest (Andreassen et al., 2001; Fujiwara et al., 2005; Hinchcliffe et al., 2016; Lambrus et al., 2015; Thompson and Compton, 2010; Uetake and Sluder, 2010; Wong et al., 2015) . We found that a subset of our knockouts induces p53-dependent senescence through these pathways, and that the molecular players that effect these responses are separable. We also identified a unique arrest behavior in response to elimination of the kinetochore protein KNL1 that does not depend on these previously defined pathways. Additionally we defined a subset of knockouts for which p53 accelerates the manifestation of phenotypes by broadly affecting cellular proliferation rate, potentially enhancing the rate of protein depletion. Finally, we defined a subset of knockouts that displayed severe mitotic defects in our assays regardless of p53 proficiency ( Figure 6C ). We also found that pharmacological or genetic bypass of the spindle assembly checkpoint did not induce senescence, despite causing widespread chromosome mis-segregation ( Figures S4I, S4J , and S4K). This suggests that chromosome mis-segregation alone is not sufficient to induce a strong arrest in this time frame. Taken together, these data not only underscore the biological function of p53 in suppressing specific defects that contribute to genomic instability, but also reveal the diversity of mechanisms by which this suppression occurs.
Together, these reagents and analyses provide a toolkit for defining the functional underpinnings of cell-cycle processes and a model for large-scale microscopic analyses using CRISPR/Cas9-mediated approaches, and reveal paradigms for the role of p53 signaling in monitoring and responding to cell-cycle defects. Table S1 Recombinant DNA sgRNA plasmids and vectors used to generate cell lines in Table S1 are available at Addgene
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CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Iain Cheeseman, icheese@wi.mit.edu.
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Human tissue culture cell lines used in this study are described in Table S1 . Cells were cultured in DMEM +10% tetracycline-free fetal bovine serum (FBS; Hyclone), penicillin/ streptomycin and 2 mM L-glutamine.
METHOD DETAILS
Cell Culture and Small Molecules-We note that the inducible knockout cell lines can be maintained indefinitely in the absence of doxycycline, indicating that there is no appreciable spurious cutting through leakiness of the Cas9. The inducible Cas9 hTERT-RPE1, U2OS-lacO and DLD1-osTIR1 cell lines were generated by transposition as described previously for the inducible Cas9 HeLa cell line (McKinley et al., 2015) , and are neomycin resistant. Single guide RNAs (sgRNAs) designed using crispr.mit.edu and cloned into pLenti-sgRNA (puromycin resistant) (McKinley et al., 2015) or pKM808 (blasticidin resistant) were introduced into inducible Cas9 cell lines by lentiviral transduction (Wang et al., 2015) . The NDE1/NDEL1 Cas9 double inducible knockout cell line was created by cloning two single guide RNAs under U6 promoters from pLenti-sgRNA and GuideX (a gift from Chikdu Shivalila and Rudolf Jaenisch, WIBR/MIT) into HP138-puro, and introducing the construct into HeLa-Cas9 cells by transposition with HP137 as for Cas9. Cas9 was induced using 1 μg/mL doxycycline hyclate (Sigma) at 24 hr intervals for 3 days (with analysis on the fourth day) unless otherwise indicated. To generate stable cell lines eliminating non-essential genes, we induced the knockouts of interest with doxycycline as above for 4-12 days before single-cell sorting. Cells were then expanded in the absence of doxycycline to avoid the generation of any heterogeneity due to additional cutting, and clones screened by immunofluorescence and Western blotting.
For proliferation assays, cell counting was performed using a Z2 Coulter Counter (Beckman Coulter). For fluorescence cell viability assays, cells were plated in black-walled 96-well plates at 1,000 cells per well on day −1, and the indicated concentrations of no-codazole added at day 0. Viability was assayed at day 3 using CellTiter-Glo (Promega) according to manufacturer's instructions, and detected using a SpectraMax M5 Microplate Reader (Molecular Devices). Table S6 . For Western blotting analysis of MAPRE1 knockout cells 12% SDS-PAGE gels were used, and for CENPF knockout cells 8% SDS-PAGE gels were used. Western blotting was performed after overnight transfer using 3% bovine serum albumin (BSA; Sigma) in TBS +0.5% Tween-20 as a blocking agent.
For immunofluorescence, fixation was performed for each antibody as described in Table  S6 . DNA was stained with 10 μg/mL Hoechst-33342 (Sigma). Immunofluorescence images were acquired on a DeltaVision Core deconvolution microscope (Applied Precision/General Electric) equipped with a CoolSnap HQ2 CCD camera and deconvolved where appropriate.
In general, 25 Z-sections were acquired at 0.2 μm steps using a 60×, 1.42 NA Olympus UPlanApo objective. For anti-centrin2 immunofluorescence, 40 0.2 μm steps were imaged using a 100×, 1.4 Numerical Aperture (NA) Olympus U-PlanApo objective. Quantification of fluorescence intensity was conducted on unprocessed images using Metamorph (Molecular Devices). The senescence-associated beta-galactosidase staining kit (Cell Signaling Technology) was utilized according to the manufacturer's instructions.
For analysis of DNA content by flow cytometry, cells were fixed in 70% ethanol on ice for >15 min. Cells were subsequently incubated at 37°C for 40 min in 600 mL PBS +0.1% FBS +0.25 mg/mL RNaseA (Sigma) + 10 mg/mL propidium iodide (Life Technologies) before analysis using the BD FACSCanto II (BD Biosciences). Data were analyzed using FlowJo.
QUANTIFICATION AND STATISTICAL ANALYSIS
Details of statistical tests used to determine significance are provided in the figure legends.
ADDITIONAL RESOURCES
Representative micrographs of the HeLa inducible knockouts are provided at cellcycleknockouts.wi.mit.edu.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Table S4 . Dark-blue bars indicate phenotypes that were frequently observed in the population (categorized with the number 2 in Table S4 ); light-blue bars indicate phenotypes that were observed less frequently in the population (categorized with the number 1 in Figure 2A . HeLa categorization is reproduced from Figure 2A for comparison. The complete phenotypic categorizations can be found in Table S5 . knockout. Error bars represent SD; n = 100 cells, unless designated by an asterisk, which indicates that insufficient mitotic cells were present to achieve this number. In these cases, n > 20. (C) Heatmap demonstrating the phenotypic categorization of the indicated RPE1 knockouts in presence or absence of TP53 knockout after 4 or 6 days, as indicated. These designations are qualitative, but correspond approximately to phenotypes as follows. White bars, defects observed in <35% mitotic cells; light-blue bars: defects observed in 40%-65% of mitotic 
